OBJect The optimal mean arterial pressure (MAP) for spinal cord perfusion after trauma remains unclear. Although there are published data on MAP goals after spinal cord injury (SCI), the specific blood pressure management for acute traumatic central cord syndrome (ATCCS) and the implications of these interventions have yet to be elucidated. Additionally, the complications of specific vasopressors have not been fully explored in this injury condition. methOdS The present study is a retrospective cohort analysis of 34 patients with ATCCS who received any vasopressor to maintain blood pressure above predetermined MAP goals at a single Level 1 trauma center. The collected variables were American Spinal Injury Association (ASIA) grades at admission and discharge, administered vasopressor and associated complications, other interventions and complications, and timing of surgery. The relationship between the 2 most common vasopressors-dopamine and phenylephrine-and complications within the cohort as a whole were explored, and again after stratification by age. reSultS The mean age of the ATCCS patients was 62 years. Dopamine was the most commonly used primary vasopressor (91% of patients), followed by phenylephrine (65%). Vasopressors were administered to maintain MAP goals for a mean of 101 hours. Neurological status improved by a median of 1 ASIA grade in all patients, regardless of the choice of vasopressor. Sixty-four percent of surgical patients underwent decompression within 24 hours. There was no observed relationship between the timing of surgical intervention and the complication rate. Cardiogenic complications associated with vasopressor usage were notable in 68% of patients who received dopamine and 46% of patients who received phenylephrine. These differences were not statistically significant ], p = 0.105). However, in the subgroup of patients > 55 years, dopamine produced statistically significant increases in the complication rates when compared with phenylephrine (83% vs 50% for dopamine and phenylephrine, respectively; OR with dopamine 5.0 [95% CI 0.99-25.34], p = 0.044). cONcluSiONS Vasopressor usage in ATCCS patients is associated with complication rates that are similar to the reported literature for SCI. Dopamine was associated with a higher risk of complications in patients > 55 years. Given the increased incidence of ATCCS in older populations, determination of MAP goals and vasopressor administration should be carefully considered in these patients. While a randomized control trial on this topic may not be practical, a multiinstitutional prospective study for SCI that includes ATCCS patients as a subpopulation would be useful for examining MAP goals in this population.
S
ince Schneider colleagues' well-known description of acute traumatic central cord syndrome (ATCCS) in 1954, significant research has focused on the management of these cases. 18 In recent years, there has been an increased focus on ATCCS, as this represents the most common form of incomplete spinal cord injury (SCI). 3 Additionally, ATCCS complications have been shown to increase in elderly patients. 14 As the US population ages, expanding knowledge of ATCCS will only become more important. Given the potentially debilitating nature of these injuries, and their impact on our society, it is important to explore the medical and surgical management of ATCCS. 5 Many recent studies on SCI and ATCCS have focused on the timing of surgical intervention and decompression and report mixed results, all citing the need for additional prospective studies. 19, 24, 26 These studies, along with recent prospective investigations, suggest that early surgical intervention (decompression within 24 hours of SCI) may improve long-term prognosis. 2, 9, 24 While the focus on surgical decompression, efficacy, and timing is an important aspect of ATCCS management, little focus has been placed on medical management and perfusion for these patients. 2 As part of the medical management of SCI, there has been an increased focus on vasopressor utilization. Previous studies have linked vasopressor support to improved outcomes, but recognized that there are no validated protocols for the implementation of these interventions. 15, 21 The 2013 American Association of Neurological Surgeons and Congress of Neurological Surgeons (AANS/CNS) guidelines for cervical SCI treatment recommended raising the mean arterial blood pressure of acute SCI patients to the range of 85-90 mm Hg, while acknowledging that further research should be conducted to formulate consistent guidelines and protocols. 2, 17 As this recommendation was made primarily based on a single, large, retrospective study with significant positive results, the AANS/CNS author group encouraged more robust research as it relates to the medical management of cervical SCI subpopulations.
Concurrently with ongoing research investigating vasopressor utilization for traumatic SCI, poor clinical outcomes have been reported in the setting of early vasopressor use for critically injured, nonneurosurgical, trauma patients. 16 Excluding traumatic brain injury and SCI, Plurad et al. found a significant, fluid status-independent association between early vasopressor administration and mortality. 16 In the setting of septic shock and cardiogenic shock, other studies found that dopamine was associated with significantly higher complication rates and mortality when compared with norepinephrine. 6, 7 To the best of our knowledge, no previous studies have evaluated the role and potential risks of vasopressor utilization specifically in ATCCS patients. Due to the frequency of ATCCS, and its increased incidence in the aging population, research related to the medical management of these patients has become increasingly important, particularly in light of the current lack of universal standards. 2, 3, 14, 17 In this study, we explored the ATCCS subpopulation of acute SCI in order to establish a better understanding of perfusion pressure management in an effort to complement ongoing research related to surgical timing and decompression, and to provide a detailed analysis of complications in these injuries. 9 Additionally, we hypothesized that specific vasopressors may be linked to higher complication rates, along the lines of recent research on critical trauma and shock. 6, 7, 12 methods This study was reviewed and approved by the Committee on Human Research at the University of California, San Francisco, with an exemption from individual patient consent. We performed this retrospective cohort study of patients at a single Level 1 trauma center and created a database for analysis in REDCap (Research Electronic Data Capture), which was hosted at the University of California, San Francisco, in order to maintain data security and validity.
population Selection
Potential study participants were identified by querying a preexisting database maintained by the Department of Neurological Surgery, which included all sequential patients with a principal diagnosis of SCI (ICD code: 953-957) from 2005-2011. This database includes 131 patients who met the following criteria: 1) age ≥ 18 years; 2) presence of SCI; 3) admission to the intensive care unit (ICU); and 4) received vasopressors to meet mean arterial pressure (MAP) goals for greater than 24 hours. For this study, we had the specific additional inclusion criteria of the presence of central cord syndrome, as defined by the 2013 AANS/CNS guidelines for the management of ATCCS. 2 From this subpopulation, an additional comprehensive chart review was conducted to elucidate a better understanding of the injury and its management.
population characteristics, complications, and Outcomes
The following variables were collected from the Department of Neurological Surgery database: sex, age, year of injury, vasopressor administration (type and duration of administration), American Spinal Injury Association (ASIA) grade on admission and discharge, level of SCI, and characteristics of injury. These data were then expanded by a blinded researcher by adding variables, including trauma characteristics, administration of methylprednisolone or other steroids, hospital length of stay, ICU length of stay, and surgical interventions. These data were collected from all aspects of the chart, including discharge summaries, nursing notes, progress notes, consent for procedures, operative reports, rehabilitation notes, and pharmacy records. The blinded researcher also independently verified the original data obtained from the departmental database.
Another researcher also reviewed the complications. These included surgical infections, wound complications, hospital-acquired infections, respiratory failure, hemodynamic complications, and cardiogenic complications. Cardiogenic complications included elevated troponins, atrial fibrillation, ventricular tachycardia, significant tachycardia (heart rate > 130 bpm), and significant bradycardia (heart rate < 50 bpm). Additionally, invasive procedures-including intubation, tracheostomies, gastrostomies, arterial line placement, central line placement, and peripherally inserted central catheters-were reviewed as indicative of advanced medical care. Outcomes were determined based on improvement in neurological function, as indicated by the ASIA grade from admission to discharge and/or death. ASIA grade was selected as the measure of neurological function, given the recommendations of the AANS/CNS guidelines for the classification of cervical injuries and significant validation for the prognostic value of the ASIA grade. 10, 13, 25 
Statistical analysis
Descriptive statistics were used to examine the complications associated with vasopressor administration in ATCCS patients. All statistical analyses were performed using SPSS statistical analysis software (IBM SPSS Statistics for Macintosh, version 22.0). For all univariate analyses, the continuous variables are presented as the means with corresponding standard deviations. The univariate descriptions of the categorical data are presented as the incidence and associated percentages. Complications associated with the administration of the 2 primary vasopressors-dopamine and phenylephrine-were compared utilizing the chi-square and Fisher exact tests. Given the high incidence of ATCCS in older patients, an additional subanalysis was performed between patients older and younger than 55 years, which is an age cutoff point based on the recent literature on vasopressors. 16 These groups were further compared using the Pearson chi-square test for dichotomous variables and 2-tailed t-tests for continuous data. For all statistical comparisons, statistical significance was defined as p ≤ 0.05. The odds ratios were calculated for all cross-tabulated descriptive statistics with accompanying 95% confidence intervals.
results cohort description and management
Of the 131 patients in the original database, 34 were determined to have ATCCS, as defined by the inclusion criteria, with complete records available for analysis. As shown in Table 1 , 28 (82%) were male and 6 (18%) were female with a mean age of 61.53 ± 16.33 years. The average hospital length of stay was 18.64 ± 19.09 days with an average of 11.67 ± 13.73 days of care in the ICU. The acute SCI methylprednisolone protocol was administered to 20 patients (59%), while 14 patients (41%) were determined to be ineligible for the steroid protocol based on the decisions of their managing surgeon. Chart review indicated that methylprednisolone was not administered for multiple reasons, including medical comorbidities, injury severity, surgeon preference, and timing outside of the initial window of therapeutic intervention. Patients who did not receive steroids presented with more severe injury when compared with the group that received steroids, as indicated by higher average Injury Severity Scores (28 vs 21, respectively), but this did not reach significance (p = 0.353). There was no statistical difference in cardiogenic complications between patients who received or did not receive steroid protocols (85.0% for patients who received steroids [17 of 20] vs 64.29% for patients who did not receive steroids [9 of 14] ; OR with steroids 3.142 [95% CI 0.608-16.289], p = 0.161). Additionally, when comparing the steroid group to the nonsteroid group, there were no statistical differences in any of the measured complication rates or outcomes. Decompressive surgery was performed in the first 24 hours in 16 patients (47%). Surgical intervention after 24 hours was noted in an additional 9 patients (26%), with the remaining 9 patients having no surgical intervention. Those patients who did not have surgical intervention either elected against the procedure, were medically unstable to the extent that the risks outweighed the benefits, or saw improvement without decompression. Of the patients who underwent decompressive surgery, 64% (16 of 25 patients) underwent surgery within the first 24 hours. Table 2 provides a detailed review of the cohort stratified by ASIA grade on admission. At the time of admission, there were 8 ASIA Grade A (24%), 5 Grade B (14%), 8 Grade C (24%), 12 Grade D (35%), and 1 Grade E (3%) patients. Improvement of at least 1 ASIA grade was observed in 19 patients (56%); the remaining 15 patients had the same ASIA grade at admission and discharge. Two patients died during the course of their treatment, resulting in a mortality rate of 6%. One patient suffered from pulseless electrical activity in the field and was resuscitated, but never recovered from other injuries. He was treated aggressively but his Glasgow Coma Scale score never improved above 5T, and the family elected to withdraw care in the context of multiple organ failure. The second death occurred in an elderly patient who fell while standing. The patient developed significant multisystem organ failure that required mechanical ventilation and acute renal replacement therapy. The patient also required reversal of preinjury coagulopathy and suffered from multiple nosocomial infections, which ultimately resulted in his death.
Neurological Outcomes

Vasopressor administration
The characteristics of vasopressor utilization can be found in Table 3 . Vasopressors were administered to obtain MAP goals > 85 mm Hg in all patients, for a mean 101 ± 48 hours (4.2 days), before being relaxed to lower goals. This mean time was affected by 2 patients who were transferred to another acute care center for management directly from the ICU while still receiving MAP goals early in their hospitalization. Eighteen patients (53%) had their vasopressor changed due to complications, and 12 patients were concurrently administered 2 or more vasopressors (35%). Dopamine was administered to 31 patients (91%) for MAP goals, and phenylephrine was administered to 22 patients (65%). A detailed delineation of the vasopressor-associated complications can be found in Table 4 . For the entire cohort, there was a nonsignificant trend toward a higher complication rate with dopamine (68% of patients who received dopamine experienced complications [21 of 31 patients] vs 45% for phenylephrine [10 of 22 patients]; OR with dopamine 2.52 [95% CI 0.82-7.78], p = 0.105). In the subgroup of patients age > 55 years, dopamine produced statistically significant increases in complications rates when compared with phenylephrine (see Table 5 ). This effect was not observed in a comparison of dopamine to phenylephrine in the group < 55 years. Further analysis showed that age > 55 years was also associated with all vasopressor complications (90% of older patients experienced complications [18 of 20 patients] vs 52% of younger patients [8 of 14 patients]; OR for older 6.75 [95% CI 1.1-41.00], p = 0.026), despite there being no significant differences in injury severity score, mean ASIA improvement, steroid administration, or length of stay, as shown in Table 6 . Together these results suggest that dopamine is associated with a higher risk of complications than phenylephrine in older patients.
complications
Twenty-nine patients experienced at least 1 complication. Table 7 summarizes the complication rates. The most 
discussion
The reviewed cohort of ATCCS patients had cardiogenic complication rates comparable to other studies of vasopressor use in patients with SCI, although our patients received MAP goal support for less than the Level III recommendation of 7 days. 12, 17 Given the retrospective nature of this study, it is difficult to determine if the inability to meet MAP goals was triggered by early termination due to complications or provider discretion. Of note, the mean duration of MAP goals was determined to be approximately 4.2 days, as compared with 7 days proposed for SCI patients by Vale et al. 21 While limited by the retrospective nature of this study, we believe that this shorter duration is reflective of the treating surgeon's desire to reduce the morbidity of vasopressor use, particularly after surgical decompression.
Similar to the findings in other recent studies that evaluate vasopressor-related complications for trauma and shock, dopamine was the most common first-line vasopressor administered and associated with a higher risk of complication when compared with phenylephrine. 6, 7 Although phenylephrine was associated with lower complication rates, it is not recommended for use in cervical injury due to its risk of inducing bradycardia. 4 Despite these recommendations, we noted that almost half of the patients received treatment with phenylephrine, most commonly as a second-line treatment following complications with dopamine. Given the propensity for cardiovascular complications following SCI, including hypotensive neurogenic shock and autonomic dysreflexia-induced hypertension, optimizing vasopressor support is a critically important issue. 20, 27 Considering the high prevalence of ATCCS in elderly patients and our findings of increased risk of dopamine-related complications in elderly patients with ATCCS, further research is needed to determine the optimal MAP guidelines for ATCCS.
14 Since ATCCS is generally a less severe injury than other forms of acute traumatic SCI, caution is warranted when determining supportive interventions, and further research is needed to elucidate the best interventions for this patient population. Our data suggest that any physician administering dopamine in the context of ATCCS, especially for patients older than 55 years, must consider the high complication rates associated with dopamine.
An understanding of vasopressor management protocols for patients with ATCCS will gain even more importance if early data on optimized spinal cord perfusion leads to improved outcomes. Werndle et al. recently reported on a prospective trial, in which intraspinal pressure (ISP) monitors were placed in patients with traumatic SCI. 22 These monitors were used to observe the spinal cord perfusion pressure (SCPP) in 18 patients without any complications such as wound infections or cerebrospinal fluid leaks. Their data directly show that elevated MAP due to vasopressor augmentation does result in a direct increase in ISP and SCPP. Studies in animal models of SCI show that microvascular damage and hypoperfusion is associated with increased degeneration after SCI. 8, 11, 23 Advanced studies with accurate monitoring via surgically implanted ISP monitors in concordance with neurological improvement scores could contribute to a better understanding of optimal MAP goals in ATCCS patients and provide clear protocols on the issue.
Other interventions
Our patient population was treated with decompressive surgical intervention at a higher rate and with increased urgency when compared with the published rates in ATCCS and SCI. 1, 19 In our cohort we found that 64% of surgical patients (15 of 26 patients) underwent decompression within 24 hours. Conversely, a study examining patients from a similar time period by Aarabi et al. indicated that 21% (9 of 42) of their patients with ATCCS underwent rapid surgical decompression within 24 hours. 1 This was consistent with another retrospective study where 24% of ATCCS patients (16 of 67) who underwent decompressive surgery were treated within 24 hours. 19 Ultimately, the decision to perform surgery and the timing of surgery were dependent on the treating surgeon. Given the recent results of the Surgical Timing for Traumatic Cervical Spinal Cord Injury Study (STASCIS), which indicated the benefits of early decompression, we found this difference to be significant and noteworthy. 9 Steroids did not appear to have an impact on the study as the complication rates did not vary between the steroid and nonsteroid groups. The sample size of this study and the lack of significant differences in outcomes and complications between the patients who received steroids and those who did not make it difficult to draw any meaningful conclusions regarding steroids in this population.
limitations
The primary limitations of this study were the retrospective nature and small sample size of our population. In addition, this retrospective analysis was limited to the course of acute recovery, and neurological outcomes in long-term follow-up may have provided additional insight into the effect of vasopressors. The small sample size is reflective of the limited number of central cord injuries seen at an individual institution. This limitation may have prevented several associations from reaching significance with p ≤ 0.05, as many associations approached this statistical cutoff. At our institution, we have adhered to protocolbased management as strictly as possible for several years. As such, nearly all of our patients with acute SCI, including ATCCS, were managed with vasopressors and MAP goals. Though we believe that this practice improves the quality of the care that we provide to patients, the downside is that this has resulted in the lack of a control group for this study. Finally, quantification of ATCCS severity was performed utilizing the ASIA grading system, and this has limitations given the asymmetrical involvement of the upper extremities associated with ATCCS.
conclusions
Our results provide compelling data concerning vasopressor-associated complication rates in patients with central cord syndrome. We observed a complication rate of 85% for ATCCS injuries, with 76% of patients experiencing cardiogenic complications associated with vasopressor administration. As the US population continues to age, we anticipate a rise in this condition given its increased incidence in the elderly. Based on the results of our analysis, careful consideration of the risks should be made before administering dopamine in the context of ATCCS in patients over 55 years.
Establishing clear MAP guidelines for ATCCS, in addition to SCI in general, is extremely important and warrants thorough investigation. Ideally, we encourage a multicenter prospective study to elucidate the risk-benefit ratio for SCI with a subanalysis of central cord patients. Given the difficulty of establishing this type of protocol, a more rapid and financially obtainable solution may be to conduct a large, multicenter, retrospective review of SCI patients receiving vasopressors in order to compare cross-institutional outcomes and complications while also providing the statistical power to make more confident as- 
